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Abstract 
In the production process of microelectronic devices and high efficiency solar cells, local openings in thin dielectric layers are 
required. Instead of photolithographic, laser based processing enables to open these dielectric layers locally in a low-cost mass 
production step. In this work, thin silicon nitride layers deposited on planar silicon wafers are processed by single infrared 
Gaussian shaped 660 fs laser pulses. The transparent silicon nitride layer, becoming absorptive at fluences higher than 0.3 J/cm², 
is selectively removed by confined ablation at fluences below that value. At pulse peak fluences exceeding 1.0 J/cm² a “SiNx 
island” is created by direct ablation in the spot center. In this article, the selective SiNx ablation by a combination of confined and 
direct laser ablation at the medium pulse peak fluence of 0.5 J/cm² is investigated. To clarify the influence of the nonlinear 
absorption in the pulse center, the ablation behavior is investigated by time- and space-resolved pump-probe microscopy 
experiments. The results show phase changes in the silicon and in the silicon nitride in the first picoseconds after excitation, the 
ablation onset at around 10 ps and the subsequent mechanical material motion after a few nanoseconds. The actual silicon nitride 
layer removal starts after around 10 ns, whereas confined ablation processes are the driving mechanisms even in the nonlinearly 
absorbing spot center. A comparison of the energetic ablation efficiency of the SiNx layer system to further dielectric thin films 
shows no detrimental influence of the nonlinear absorbance. 
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1. Introduction 
In the production process of microelectronic devices and high efficiency solar cells, local openings in thin 
dielectric layers are required [1]. A cross-section through the layer stack of such a solar cell is shown in Fig. 1. The 
SiNx passivation layer and anti-reflection coating on the textured solar cell front side has to be opened locally to 
enable the electrical contacting of the metallic front conducting paths to the silicon (Si) absorber. Recently, ultra-
short pulse lasers are applied more and more to realize this opening process step. Contrary to photolithographic 
patterning methods, ultra-short pulse lasers offer the possibility to open dielectric layers locally in a low-cost and 
contact-free mass production step. An advantage compared to longer laser pulses is given by the short energy 





Fig. 1. Schematic cross-section of a Si solar cell with SiNx frontside passivation and anti-reflection layer. 
The ultra-short laser pulse removal of thin SiNx [2,3] and SiO2 [4,5] layers has been investigated by different 
research groups at fluences and wavelengths where the thin films are transparent – they show no direct or nonlinear 
absorption. The underlying ablation mechanism was identified as a so called “confined” or “indirectly-induced” 
laser ablation [6]. Thereby, the pulse energy is absorbed in the Si at the layer-substrate interface and causes heating, 
melting or evaporation of a thin silicon layer. Its expansion creates a shock-wave on an ultra-fast timescale causing 
the lift-off of the overlaying dielectric layer on a nanosecond timescale. The confined laser ablation process is 
applied for structuring different industrial important material systems. For example transparent front contacts can be 
removed from copper indium diselenide (CIS) absorbers in CIS thin film solar cell production [7,8] or transparent 
tantalum pentoxide (Ta2O5) layers are locally removed from absorbing platinum (Pt) films for maskless patterning 
of biocompatible sensor chips [9]. Indirectly-induced ablations are highly energetic efficient, because the removed 
material does not have to be evaporated or melted. Thus, the resulting ablation spots show clean and burr free 
ablation edges. 
Recently, results were published that show the ablation of SiNx thin films from Si substrates with ultra-short and 
Gaussian-shaped laser pulses at higher peak fluences exceeding 2 J/cm² (I = 4.7 TW/cm²). Here, a “SiNx island” 
remains in the center of a spot created by confined ablation [10]. This phenomenon was explained by nonlinear 
absorption of the applied Gaussian shaped laser pulse in the SiNx in the spot center and the resulting suppression of 
the confined ablation. The thickness of the remaining SiNx island is reduced due to direct ablation. Thus, two 
fluence dependent ablation mechanisms caused by Gaussian-shaped laser pulses can be distinguished so far: pure 
confined ablation at pulse peak fluences lower than §0.3 J/cm² and the direct ablation creating a “SiNx island” in the 
spot center at fluences exceeding 1.0 J/cm². In this article, the ablation mechanism at the medium fluence of 
0.5 J/cm² is investigated. The questions to be answered are: 
 
x Does direct nonlinear absorption occur in the SiNx as well at the fluence of 0.5 J/cm² where the SiNx layer is 
completely removed in the irradiated area?  
x If this is the case, how does the direct absorption influence the ablation process?  
x And does the direct absorption decrease the energetic ablation efficiency of the process? 
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A well suited investigation method to clarify these questions is the observation by pump-probe microscopy. 
Several groups have previously performed pump-probe microscopy investigations with femtosecond resolution on 
the ablation of bulk material [11,12] and on the layer-side [13,14] and substrate-side [15] ablation of thin metal 
films. The physical ablation mechanism of transparent thin films from absorbing layers was also explored [16,17]. 
The pump-probe setup used in this work is described in the next section. 
 
2. Material and methods 
The ultra-short pulse laser ablation of thin amorphous SiNx layers (thickness 100 nm, refraction index 2.1, 
hydrogen content § 20 %) is investigated. As shown in figure 1, the SiNx layers are deposited on textured Si in solar 
cell production. However, for the academic investigations performed in this work, the SiNx layers are deposited on 
planar silicon wafers by using PECVD. Mono crystalline Czochralski-grown wafers with a crystal orientation of 
{100} which are polished and lightly phosphor doped (nphospor ~ 1015 cm-3) are used as silicon wafer materials. 
The laser irradiated area in the final ablation state is surveyed by a Sensofar confocal microscope model 
PLμ2300.  
The ablation process is analyzed by pump-probe microscopy (Fig. 2). Therefore, ultra-short laser pulses (pulse 
duration = 660 fs FWHM; center wavelength Ȝ = 1053 nm; repetition rate = 500 Hz) are used. A combination of a 
half wave plate and a polarizing beam splitter (pol. BS 1) enables the division of those pulses into pump and probe 
pulses (applied ratio of 90 to 10%). On the pump-path (red), shutter 1 separates single pump pulses, which are 
focused on the sample (focus radius = 20 μm at e-2 intensity) to initiate the ablation. On the probe path, a second 
harmonic generation module (SHG) frequency doubles the probe pulses used for illuminating the sample on an area 




Fig. 2. Pump-probe microscopy setup: 660 fs laser pulses are divided into pump pulses (red pump branch), initiating the reaction, and probe 
pulses (green probe branch), illuminating the reaction area. The probe pulses are temporally delayed by an optical delay line up to delay times of 
ǻt < 4 ns. For ǻt > 4 ns a ps laser source emits electronically triggered probe pulses. The reflected probe pulses are imaged by a microscope 
objective on a CCD camera. 
ǻt = 4 ns limited by the length of the translation stage. To enable the observation of  longer delay times up to 30 μs, 
the initial probe path is blocked by shutter 2 and a 600 ps FWHM laser source (Ȝ = 532 nm) emits electronically 
triggered probe pulses. The optical paths of the probe pulses emitted by the two different laser sources are 
superimposed in beam splitter 2 (pol. BS 2). A combination of a polarizing beam splitter (pol. BS 3) and a quarter 
wave plate allows the perpendicular illumination of the sample and its imaging by a microscope and a CCD camera 
(calculated optical resolution Ropt = 0.61 Ȝ/NA = 1.2 μm). The optical and electronic delay achieve a temporal 
resolution of about 840 fs and 800 ps, respectively. These values correspond to the cross correlation times of pump 
 Stephan Rapp et al. /  Physics Procedia  56 ( 2014 )  998 – 1006 1001
and probe pulse. The ablation reaction is in both cases initiated by the 660 fs pump pulse. To record a series of 
pictures at different delay times, the sample is moved to a new position for every image, irradiated by a pump pulse 
and illuminated by a probe pulse at the chosen delay times. Further setup information, including also the measuring 
procedure and the image processing, are given elsewhere [18].  
The quantitative relative reflectivity change ǻR/R = (Rduring-Rbefore)/Rbefore is determined on a 65 μm long line 
crossing the spot center (Rbefore = normalized reflectivity before sample irradiation with pump-pulse; Rduring = 
normalized reflectivity at ǻt after irradiation with pump-pulse). Therefore, the grey scale value of every pixel 
(= 0.1 μm²) on this line is analyzed. Reflectivity changes > 0.5% can be detected. 
 
3. Results and discussion 
3.1. Steady state investigations of SiNx thin film on Si laser ablation 
The analysis of the laser irradiated area in the steady state delivers first findings on the mechanism of the ablation 
process. Moreover, the pulse peak fluence ࢥ can be determined at which the SiNx layer remains on the substrate (see 
Fig. 3 left), is partly removed (middle) and at which the actual confined ablation takes place (right). The first row 
displays light microscopy images of the irradiated area, the second row shows false color confocal microscopy 
images of the same area and in the third row the according cross sections are plotted. Three different fluences from 
ࢥ = 450 mJ/cm² to 500 mJ/cm² were investigated. At the lowest fluence of ࢥ = 450 mJ/cm² the SiNx film is not 
removed. The light microscope shows interference rings indicating the bulging of the layer. The bulging is clearly 
visible on the confocal microscopy image and cross section. A bulging height of around 400 nm is reached in the 
outer region of the spot, whereas the height in the spot center lies between 0 nm and -100 nm. Either the missing 
material was pulled to the side by the adjacent bulge or it was evaporated. The following investigations will remove  
 
 
Fig. 3. Light (first row) and confocal microscopy (second row) images of single laser pulse (Ȝ = 1053; Ĳ = 660 fs) irradiated spots on a 100 nm 
SiNx layer on Si substrate at different fluences of ࢥ = 450 mJ/cm² (left), 475 mJ/cm² (middle) and 500 mJ/cm² (right). Corresponding cross 
sections are shown in the third row. With rising fluence the ablation spot displays bulging, partial removal and complete removal of the SiNx 
layer. 
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that ambiguity. Increasing the pulse peak fluence to ࢥ = 475 mJ/cm² results in a partial dissolution of the thin SiNx 
film. This part of the layer is still attached to the surrounding material at one side but the remaining film is 
delaminated from the substrate (Fig. 3, middle row). This observation indicates that the material removal is not 
mainly caused by evaporation, it is caused by a confined ablation, removing the material as a more or less intact 
film. The result of a completely ablated spot is shown in the third row at a fluence of ࢥ = 500 mJ/cm². With the 
exception of a few remaining SiNx residues the layer edge is clean and the substrate shows no visible thermal effects 
like cracks or burrs. 
3.2. Pump-probe microscopy of the SiNx thin film laser ablation process 
The ablation process of a SiNx thin film is investigated by pump-probe microscopy on a temporal range between 
0 μs to 1 μs relative to the maximum of the reaction initiating laser pump-pulse. Fig. 4 shows images of the time- 
and space-resolved experiments at a fluence of ࢥ = 500 mJ/cm². This fluence was identified as the fluence where the 
SiNx film is completely removed by a confined ablation mechanism (section 3.1). The delay times are indicated in 
the left upper corner of every image. Additionally, the transient relative reflectivity change 'R / R0 on a 1 pixel thin 
line crossing the center of the irradiated spot was determined (Fig. 5). The applied Gaussian distributed fluence is set 
in relation to the spot radius in Fig. 6. A schematic model displays the interpretation of every process stage in side 




Fig. 4. Pump-probe images of a 100 nm thin SiNx layer on Si substrate laser irradiated at a fluence of 500 mJ/cm² (O = 1053 nm; Wp = 660 fs). The 
delay times are indicated in the images. Different regions are marked as R for “rim” and C for “center”. The red dotted line marks the front of a 
shock-wave. 
At the delay time zero a weak increase of reflectivity of about 'R/R = 10% (Fig. 5) is observed in the central region 
(Fig. 4, region C). The delay time zero point is defined, when the maximum intensity of the pump pulse reaches the 
sample. Hence, half of the pump-pulse has already interacted with the irradiated material. In the outer region of the 
Gaussian shaped pump pulse the intensity is too low to excite electrons in the SiNx (band gap energy of 2.6 eV). 
This region is named in the following as “rim”. In Fig. 4 it is marked with “R”. Here, the pump pulse is absorbed in 
the underlying Si. The increased reflectivity can be explained by a Drude model describing the optical properties of 
free electrons generated in the conduction band by the excitation of valence electrons by the pump-pulse photons 
[12]. In the center of the pump-pulse (marked in Fig. 4 with “C”) the pulse intensity of around 0.8 TW/cm² is high 
enough to cause nonlinear absorption. In Fig. 6 the threshold fluence for the nonlinear absorption is determined to 
ࢥ = 300 mJ/cm². In literature, this process is described by the creation of excited electrons in the Si substrate within 
the first fs of the pump-pulse impact [10]. These electrons are transferred into the SiNx layer and act there as seed 
electrons for the nonlinear absorbance of the remaining pump-pulse photons. The absorbance of the pump-pulse is 
shown in Fig. 7 in the first picture. As a result of the nonlinear absorbance in the spot center, the optical properties 
of the SiNx are changed in this region, whereas they remain unchanged in the rim. Because of that, the two different 
regions can clearly be distinguished in the following. In comparison, pump-probe measurements of SiO2 on Si 
substrate show a homogeneous spot in this time range [26]. The band gap energy of SiO2 with 8.9 eV is large 
compared to this of SiNx with 2.6 eV resulting in the oppression of nonlinear absorption effects. The created 
electron-hole plasma leads to the destruction of the lattice structure within several hundreds of femtoseconds [19].  
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Fig. 5. Transient relative reflectivity change 'R / R0 of a 100 nm SiNx/Si layer system on a 1 pixel thin line crossing the center of the laser 
irradiated spot (ࢥ = 500 mJ/cm²; O = 1053 nm; Wp = 660 fs) on a split linear (-5 ps to 50 ps) and logarithmic (50 ps to 40 ns) x-axis. 
 
 
Fig. 6. Applied Gaussian distributed fluence (w0 = 20 μm at 1/e² intensity, ࢥ = 500 mJ/cm²) is set in relation to the spot radius measured in time- 
and space resolved pump-probe measurements. 
This ultra-fast structural transition is nominated in literature as “nonthermal melting” [20,21] and becomes visible 
more clearly at delay times greater than 1 ps (Fig. 4 and Fig. 5).  
From delays greater than 1 ps, the rim shows an increased reflectivity of about 'R/R = 70% due to the higher 
reflection of a thin molten Si film at the Si/SiNx interface [20]. The appearance of the rim doesn’t change up to delay 
times of 100 ps. In the center of the irradiated spot the reflectivity decreases to 'R/R = -30% at 10 ps. Here the SiNx 
is heated by the nonlinear absorption of the pump pulse energy. The decreased reflectivity can be explained by the 
energy transfer from the excited electrons to the lattice and the modified optical properties of the hot or molten SiNx. 
The probe pulse is absorbed in the SiNx and an observation of the underlying Si is not possible. The ultra-fast 
expansions of the hot or molten materials initiate shock-waves in the surrounding material – Si and SiNx in the case 
of the expanding Si in the rim respectively SiNx and air in the case of the expanding SiNx in the center [22]. The 
shock-wave in air is visible and will be discussed later. The shock-wave created at the Si/SiNx interface emitted in 
the SiNx denotes an energy transfer from the substrate to the thin film and causes its mechanical motion visible and 
explained in the following. 
Between delay times of 50 ps and 1 ns the boundaries of the area in the spot center become very sharp. At 50 ps 
the reflectivity decreases here to 'R/R = -50%. This effect was observed earlier and explained by the bulging of a  
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Fig. 7. Schematic model describing the laser ablation of a thin SiNx layer on Si substrate. Different essential reaction steps (delay times indicated 
under the images) are displayed in side view. 
thin molten film – the onset of ablation [12]. Then, transient ring systems are created up to a delay time of 3 ns. 
They are referred to as an optical interference phenomenon, named in literature as “dynamically moving Newton 
fringes” [23,24]. The light of the probe pulse interferes at the surface of the thin molten semitransparent SiNx layer 
and the underlying interface to the solid SiNx. The transient interference pattern is created by the bulging and motion 
of the thin layer [25]. The creation of the Newton’s rings causes a fluctuating reflectivity signal in Fig. 5 with values 
between 'R/R = -50% and +100% in the spot center at delay times between 100 ps and 3 ns. In this time range the 
reflectivity fluctuates in the rim as well between 'R/R = +25% and +100%.  
Between delay times of 10 ns and 20 ns the appearance of the spot becomes indistinct. The layer begins to 
disintegrate in the rim and small particles are dissolving from the substrate. Additionally the before mentioned 
shock-wave becomes visible on the 20 ns picture with a radius of about 40 μm corresponding to an average velocity 
of 2000 m/s. The images between 50 ns and 100 ns show the further propagating small particles dissolved from the 
rim whereas the SiNx in the center remains apparently in the focal plane of the microscope. A larger particle, 
probably this central part of the SiNx becomes visible on the 500 ns image. Obviously this part dissolves later from 
the substrate and propagates with a slower velocity. The ring systems in the spot center visible between 10 ns and 
100 ns are diffraction patterns created by the limited resolution of the applied optical imaging system. After 1 μs the 
final ablation state is reached. 
 
3.3. Energetic considerations of dielectric thin film laser ablations 
The before described nonlinear absorption in the SiNx layer raises the question, if this effect reduces the energetic 
ablation efficiency of this laser ablation process compared to processes where no significant part of the laser energy 
is absorbed in the dielectric film. Hence, two further material systems – SiO2 on Si substrate and Ta2O5 on Pt 
substrate – were investigated (Table 1). To obtain comparable results for every layer system, the layer thickness is 
kept constant at 100 nm and the applied fluence is chosen to ࢥ = 500 mJ/cm². The calculated values are corrected for 
reflectivity. Therefore, the reflected parts of single focused pump pulses used for the structuring were measured. It 
has to be noted, that the reflection values indicated in table 1 obtained for these focused laser pulses (Ĳ = 660 fs, 
Ȝ = 1053 nm, incident angle 35°, p-polarization) differ from simulated values or values measured for unfocused 
laser pulses. A possible explanation could be found in the nonlinear absorption effects only occurring at higher 
intensities of focused laser pulses but further measurements have to be performed to obtain a deeper understanding 
of the reflection behavior at different pulse intensities. 
 
  Table 1. Reflectivity corrected ablation efficiencies for different dielectric 100 nm thin film systems.  
Ablated 100 nm layer 
(substrate) 
Laser pulse reflectivity for 
ࢥ = 500 mJ/cm² 
[%] 
Ablation efficiency for 
ࢥ = 500 mJ/cm² 
[J/mm³] 
SiNx (Si) 50 22 
SiO2 (Si) 39 50 
Ta2O5 (Pt) 44 25 
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Results show that the ablation efficiency of the SiNx thin film with 22 J/mm³ is lower than the efficiencies of the 
other two layer systems (50 J/mm³ and 25 J/mm³). This means less energy is needed to remove the same volume of 
thin film. So far, no disadvantageous influences of the direct absorption on the ablation efficiency can be determined 
compared to other thin film systems but further properties as for example the layer adhesion at the interface are not 
yet included in the described results. So, further investigations are necessary to confirm and explain that data. 
 
4. Conclusion 
In this work, thin silicon nitride layers deposited on planar silicon wafers were processed by single infrared 
Gaussian shaped 660 fs laser pulses. In literature, two mechanisms for the ablation of SiNx films are described. The 
first on is the confined laser ablation at fluences of about 300 mJ/cm² [4, 5], where the SiNx film is completely and 
selectively removed. The second one describes nonlinear absorption effects in the transparent SiNx layer at pulse 
peak fluences of 2.0 J/cm² (intensities of 4.7 TW/cm²) suppressing a pure confined laser ablation [10]. There, a 
thinned SiNx film remains in the spot center. In the work at hand, the laser ablation is investigated at a medium 
fluence of 500 mJ/cm². It was investigated if nonlinear absorption effects occur even if the SiNx layer is completely 
removed. Time- and space resolved microscopy investigations revealed the absorbance of the SiNx thin film. From a 
delay time of 1 ps on two clearly distinguishable regions were identified. In comparison, pump-probe measurements 
of SiO2 on Si substrate show a homogeneous spot in this time range [26]. The band gap energy of SiO2 with 8.9 eV 
is large compared to this of SiNx with 2.6 eV resulting in the oppression of nonlinear absorption effects. This 
answers the first question posed in the introduction section if nonlinear absorbance even occurs at fluences where 
the SiNx film is completely and selectively removed.  
Moreover, the time- and space-resolved measurements revealed the ablation mechanism of the SiNx layer 
covering the whole process time range up to 1 μs. Primarily transparent thin films are removed by shock-waves 
created on an ultra-fast time scale by the expansion of the underlying substrate during its heating, melting or 
evaporation [16,17]. Contrary to that, the SiNx film is partly removed by direct ablation. This becomes visible by the 
creation of Newton’s rings on a time scale between 100 ps and 3 ns appearing in the spot center where direct 
absorption takes place. However, the energy deposited in the underlying substrate during the first part of the pulse 
impact together with the shearing force of the adjacent bulging material causes a lift-off of the SiNx even in the spot 
center. This answers the second question hoe the nonlinear absorbance influences the laser ablation process.  
Finally, a short comparison of the ablation efficiency of the investigated SiNx/Si thin film system to two other 
layer systems was performed. The goal was to determine if the direct absorption in the SiNx film reduces the 
ablation efficiency compared to thin films where no direct absorption was observed such as a SiO2/Si and a Ta2O5/Pt 
system. The obtained data show that the ablation process of the SiNx layer is with 22 J/mm³ the most efficient of all 
analyzed systems.  
In conclusion, we could demonstrate a combined direct and confined laser ablation at a selected fluence for the 
material system SiNx on Si. All findings (such as reflectivity changes, observation of bulging, shock-waves) can be 
explained in good agreement with our models of direct laser ablation and confined laser ablation in the case of 
“indirectly-induced” laser ablation. Surprisingly this combined laser ablation is displaying a higher energetic 
efficiency as a pure confined laser ablation. The results give rise to the need for further investigations of this 
interesting type of laser ablation. 
 
Acknowledgements 
The authors gratefully acknowledge funding of the Erlangen Graduate School in Advanced Optical Technologies 
(SAOT) by the German Research Foundation (DFG) in the framework of the German excellence initiative. This 
work was partly funded by the Seventh Framework Programme of the European Commission within the project 
“SolarDesign”, under Grant No. 310220. 
1006   Stephan Rapp et al. /  Physics Procedia  56 ( 2014 )  998 – 1006 
References 
[1] P. Engelhart, G. Zimmermann, C. Klenke, J. Wendt, T. Kaden, M. Junghänel, K. Suva, B. Barkenfelt, K. Petter, S. Hermann, S. 
Schmidt, D. Rychtarik, M. Fischer, J.W. Müller, P. Wawer, R&D pilot-line production of multi-crystalline Si solar cells with top 
efficiencies exceeding 19%,  (2011) 001919-001923. 
[2] S. Hermann, T. Dezhdar, N.P. Harder, R. Brendel, M. Seibt, S. Stroj, Impact of surface topography and laser pulse duration for laser 
ablation of solar cell front side passivating SiNx layers, J Appl Phys 108(11) (2010). 
[3] G. Heinrich, M. Bähr, K. Stolberg, T. Wütherich, M. Leonhardt, A. Lawerenz, Investigation of ablation mechanisms for selective laser 
ablation of silicon nitride layers, Energy Procedia 8 (2011) 592-597. 
[4] T. Rublack, M. Schade, M. Muchow, H.S. Leipner, G. Seifert, Proof of damage-free selective removal of thin dielectric coatings on 
silicon wafers by irradiation with femtosecond laser pulses, J Appl Phys 112(2) (2012). 
[5] P. Engelhart, S. Hermann, T. Neubert, H. Plagwitz, R. Grischke, R. Meyer, U. Klug, A. Schoonderbeek, U. Stute, R. Brendel, Laser 
ablation of SiO2 for locally contacted Si solar cells with ultra-short pulses, Prog Photovoltaics Res Appl 15(6) (2007) 521-527. 
[6] G. Heise, M. Dickmann, M. Domke, A. Heiss, T. Kuznicki, J. Palm, I. Richter, H. Vogt, H. Huber, Investigation of the ablation of zinc 
oxide thin films on copper–indium-selenide layers by ps laser pulses, Applied Physics A: Materials Science  and Processing 104(1) 
(2011) 387-393, 10.1007/s00339-010-6159-1. 
[7] G. Raciukaitis, M. Brikas, M. Gedvilas, T. Rakickas, Patterning of indium-tin oxide on glass with picosecond lasers, Appl Surf Sci 
253(15) (2007) 6570-6574. 
[8] G. Heise, A. Heiss, C. Hellwig, T. Kuznicki, H. Vogt, J. Palm, H.P. Huber, Optimization of picosecond laser structuring for the 
monolithic serial interconnetion of CIS solar cells, Prog Photovoltaics Res Appl  (2012) DOI: 10.1002/pip.1261, 10.1002/pip.1261. 
[9] G. Heise, D. Trappendreher, F. Ilchmann, R.S. Weiss, B. Wolf, H. Huber, Picosecond laser structuring of thin film platinum layers 
covered with tantalum pentoxide isolation, J Appl Phys 112(1) (2012) 013110-6. 
[10] G. Heinrich, A. Lawerenz, Non-linear absorption of femtosecond laser pulses in a SiNx layer - Influence of silicon doping type, Sol 
Energ Mater Sol Cells 120(PART A) (2014) 317-322. 
[11] D. Von Der Linde, K. Sokolowski-Tinten, Physical mechanisms of short-pulse laser ablation, Appl Surf Sci 154 (2000) 1-10. 
[12] J. Bonse, G. Bachelier, J. Siegel, J. Solis, H. Sturm, Time- and space-resolved dynamics of ablation and optical breakdown induced by 
femtosecond laser pulses in indium phosphide, J. Appl. Phys. 103(5) (2008) 054910. 
[13] I. Mingareev, A. Horn, Melt dynamics of aluminum irradiated with ultrafast laser radiation at large intensities, J. Appl. Phys. 106(1) 
(2009) 013513. 
[14] D. Von Der Linde, K. Sokolowski-Tinten, J. Bialkowski, Laser-solid interaction in the femtosecond time regime, Appl. Surf. Sci. 109-
110 (1997) 1-10. 
[15] M. Domke, S. Rapp, M. Schmidt, H.P. Huber, Ultra-fast movies of thin-film laser ablation, Appl Phys A 109(2) (2012) 409-420. 
[16] J.P. McDonald, J.A. Nees, S.M. Yalisove, Pump-probe imaging of femtosecond pulsed laser ablation of silicon with thermally grown 
oxide films, J. Appl. Phys. 102(6) (2007) 063109. 
[17] S. Rapp, J. Rosenberger, M. Domke, G. Heise, H.P. Huber, M. Schmidt, Ultrafast pump-probe microscopy reveals the mechanism of 
selective fs laser structuring of transparent thin films for maskless micropatterning, Appl Surf Sci 290 (2014) 368-372. 
[18] M. Domke, S. Rapp, M. Schmidt, H.P. Huber, Ultrafast pump-probe microscopy with high temporal dynamic range, Opt Express 
20(9) (2012) 10330-8, 10.1364/OE.20.010330. 
[19] P. Stampfli, K.H. Bennemann, Theory for the instability of the diamond structure of Si, Ge, and C induced by a dense electron-hole 
plasma, Physical Review B 42(11) (1990) 7163-7173. 
[20] J. Bonse, S.M. Wiggins, J. Solis, Ultrafast phase transitions after femtosecond laser irradiation of indium phosphide, J Appl Phys 96(5) 
(2004) 2628-2631. 
[21] K. Sokolowski-Tinten, J. Bialkowski, M. Boing, A. Cavalleri, D. Von Der Linde, Thermal and nonthermal melting of gallium arsenide 
after femtosecond laser excitation, Phys. Rev. B Condens. Matter Mater. Phys. 58(18) (1998) R11805-R11808. 
[22] M. Domke, J. Sotrop, S. Rapp, M. Börger, D. Felsl, H.P. Huber, Transient temperature modeling and shock wave observation in 
confined laser ablation of thin molybdenum films, Frontiers in Ultrafast Optics: Biomedical, Scientific, and Industrial Applications 
XIII 8611(861146) (2013) 861146. 
[23] D. Von Der Linde, K. Sokolowski-Tinten, Physical mechanisms of short-pulse laser ablation, Appl. Surf. Sci. 154-155 (2000) 1-10. 
[24] J. Bonse, G. Bachelier, J. Siegel, J. Solis, Time- and space-resolved dynamics of melting, ablation, and solidification phenomena 
induced by femtosecond laser pulses in germanium, Phys. Rev. B 74(13) (2006). 
[25] P. Lorazo, L.J. Lewis, M. Meunier, Thermodynamic pathways to melting, ablation, and solidification in absorbing solids under pulsed 
laser irradiation, Phys. Rev. B Condens. Matter Mater. Phys. 73(13) (2006). 
[26] S. Rapp, M. Domke, M. Schmidt, H.P. Huber, Physical Mechanisms during fs Laser Ablation of thin SiO2 Films LIM 2013  Physics 
Procedia 41 (2013) 727–733. 
 
